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Abstract 

Background: Two-photon laser scanning microscopy (TPLSM) has become a powerful tool in the visualization of 
immune cell dynamics and cellular communication within the complex biological networks of the inflamed central 
nervous system (CNS). Whereas many previous studies mainly focused on the role of effector or effector memory T 
cells, the role of naive T cells as possible key players in immune regulation directly in the CNS is still highly debated. 

Methods: We applied ex vivo and intravital TPLSM to investigate migratory pathways of naive T cells in the 
inflamed and non-inflamed CNS. MACS-sorted naive CD4-F T cells were either applied on healthy CNS slices or 
intravenously injected into RAG1 -/- mice, which were affected by experimental autoimmune encephalomyelitis 
(EAE). We further checked for the generation of second harmonic generation (SHG) signals produced by 
extracellular matrix (ECM) structures. 

Results: By applying TPLSM on living brain slices we could show that the migratory capacity of activated CD4+ T 
cells is not strongly influenced by antigen specificity and is independent of regulatory or effector T cell phenotype. 
NaTve T cells, however, cannot find sufficient migratory signals in healthy, non-inflamed CNS parenchyma since 
they only showed stationary behaviour in this context. This is in contrast to the high motility of naive CD4-F T cells 
in lymphoid organs. We observed a highly motile migration pattern for naive T cells as compared to effector CD4-F 
T cells in inflamed brain tissue of living EAE-affected mice. Interestingly, in the inflamed CNS we could detect 
reticular structures by their SHG signal which partially co-localises with naive CD4+ T cell tracks. 

Conclusions: The activation status rather than antigen specificity or regulatory phenotype is the central 
requirement for CD4+ T cell migration within healthy CNS tissue. However, under inflammatory conditions naive 
CD4+ T cells can get access to CNS parenchyma and partially migrate along inflammation-induced extracellular 
SHG structures, which are similar to those seen in lymphoid organs. These SHG structures apparently provide 
essential migratory signals for naive CD4-F- T cells within the diseased CNS. 
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1. Background 

In the last 10 years, two-photon laser scanning micro- 
scopy (TPLSM) has revealed the dynamic nature of 
immune cells within living lymphoid and target organs 
[1-6]. This has led not only to a better understanding of 
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generation and priming of many immune cells, but also 
of the basics of immune regulation. 

Using TPLSM, we previously showed that activated 
CD4+ effector T cells are attracted to the CNS's perivas- 
cular space and reveal a CXCR4 dependent and vessel- 
associated migration pattern, suggesting this compart- 
ment is highly relevant for autoimmunity and immunor- 
egulation [3,7]. While previous studies of ours as well as 
other studies mainly concentrated on T cells in their 
effector or effector-memory state, in the current study 
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we focused on the behaviour of naive and regulatory T 
cells. 

Activated and memory T cells express adhesion mole- 
cules, chemokine receptors and integrins that enable them 
to cross the blood brain barrier to carry out immune sur- 
veillance of the CNS [7]. Adversely, naive T cells which do 
not express essential proteolytic enzymes (e.g. matrix 
metalloproteinases) and adhesion ligands (e.g. LFA-1 and 
VLA-4), were thought to circulate only between the blood, 
lymph and secondary lymphoid organs. However, flow 
cytometry experiments showed that naive T cells can 
indeed be found in the healthy, non-inflamed CNS [8,9]. 
This is also the case for other non-lymphoid tissues 
including the pancreas, intestine, lung, liver, kidney, skin 
and testis, where it is thought that this circulation is part 
of the normal migratory behaviour of naive T cells [8]. 
During CNS- inflammation adhesion ligands (i.e. ICAM-1 
and VCAM) facilitate T cell recruitment to the CNS 
[10-12], and they only get activated when they encounter 
their antigen in the CNS [13]. 

Naive T cells could therefore be potential players in 
CNS immunoregulation and fulfil an important role 
both in physiological immune surveiUance and in patho- 
logical autoimmune processes, such as those which 
occur during Multiple Sclerosis or experimental autoim- 
mune encephalomyelitis (EAE). However, this raises the 
question how these T cells can migrate through struc- 
tures of normal tissue in the absence of inflammatory 
conditions. This is particularly unclear in the CNS in 
which there is an intricate architecture of neurons, mye- 
linated axons, oligodendrocytes, astrocytes and micro- 
gUa. Furthermore, the CNS includes a highly complex, 
extracellular matrix which provides both structural sta- 
bility and supports homeostasis of the cellular compo- 
nents. Conventional histological examinations offer 
insights into these questions, but lack the capacity to 
directly address kinetics, dynamics and functional rele- 
vance of T cell trafficking. 

Hence, in the current study we applied intravital 
TPLSM to investigate migratory pathways of naive T 
cells in healthy and inflamed CNS. 

2. Methods 

2.1. Mice 

C57BL/6 mice and C57BL/6 pups were purchased from 
Charles River (Germany). fi-actin-EGFP transgenic 
C57BL/6 (003291, C57BL/6-Tg(ACTB-EGFP)10sb/J), 
OT-2 (C57BL/6-Tg(TcraTcrb)425Cbn) transgenic mice 
and RAGl -/- transgenic C57B1/6 (002216, B6.129S7- 
RagltmlMom/J) were originally obtained from The 
Jackson Laboratory (Maine, USA), bred under SPF con- 
ditions at the central animal facility of the Charite - 
University Medicine Berlin (FEM), and kept in-house for 
experiments in IVC (individually ventilated cages). 



C57BL/6 0T2 mice, C57BL/6 2d2 TCR [14] transgenic 
mice (kindly provided by A. Waismann), C57BL/6 
Rosa26 tdRFP ("ANeO'flip")mice [15], obtained from H.J. 
Fehling, or C57BL/6 fi-actin-EGFP transgenic mice were 
intercrossed to generate C57BL/6 0T2 tdRFP, C57BL/6 
2d2 tdRFP mice and C57BL/6 0T2 EGFP mice, respec- 
tively. C57BL/6 Thyl-21 EGFP [16] mice were kindly 
provided by P. Caroni, C57BL/6 Thyl,l CerTN LIS 
mice were kindly provided by O.Griesbeck [17] C57BL/6 
FoxpS EGFP mice were kindly provided by B. and M. 
Malissen. 

All animal experiments were conducted according to 
the German Animal Protection Law, were approved by 
the appropriate state committees for animal welfare 
(LAGeSo, Landesamt fur Gesundheit und Soziales) and 
were performed in accordance with current guidelines 
and regulations. 

2.2. Cell culture 

Mice (6-10 weeks old) were sacrificed and spleen cells 
were isolated as described before [3]. For OT-2 Th2 
cells splenocytes were cultured in 3 x 10^/ml cell cul- 
ture medium (RPMI 1640 supplemented with 2 mM L- 
glutamine, 100 U/ml peniciUin, 100 (ig/ml streptomycin, 
and 10% fetal calf serum), and stimulated with the 
respective ovalbumin (OVA) peptide (0.3 (iM OVA323_ 
339; Pepceuticals, UK). Differentiation towards a Th2 
phenotype of OT-2 ceUs was achieved by the addition of 
200U/ml IL-4, 5 (ig/ml anti-IL-12 (C17.8) and anti-IFN- 
y (AN18.17.24). C57BL/6 Thl cells were generated from 
CD4+ sorted spleen and lymph node cells (MACS®) of 
C57BL/6 mice by polyclonal activation by 1 (ig/ml plate- 
bound antiCD3/antiCD28 in the presence of 5 ng/ml IL- 
12 and 5 (ig/ml anti-IL-4 (llBll). Antigen specific and 
polyclonal effector T cells were restimulated every 7 
days by irradiated syngenic CD90-depleted (MACS®) 
APCs or antiCD3/antiCD28, respectively. C57BL/6 
Foxp3 expressing regulatory T cells were isolated either 
by MACS®sort for CD4, CD25 and CD62L or by FACS 
for Foxp3EGFP and CD62L. CeUs were polyclonally acti- 
vated by plate-bound antiCD3/antiCD28 (3/10) in round 
bottom 96 well plates in the presence of 2000 U IL-2. 
IL-10 producing Ovalbumin- or MOG-specific regula- 
tory T ceUs were generated according to the protocol by 
Barrat et aL[18]. Briefly, naive CD4+CD62L+T cells 
were stimulated with irradiated syngenic CD90depleted 
splenic APCs (MACS®) and 0.3 (iM OVA323_339 or 12,5 
(ig/ml MOG35_55 peptide in the presence of 40 nM Vita- 
min D3 and 100 nM Dexamethasone and 5 (ig/ml anti- 
IL-12 (C17.8), anti-IFN-y (AN18.17.24) and anti-IL 4 
(llBll). Restimulation was done on day 7 with anti- 
CD3/anti-CD28. All analysed T cell subsets were stimu- 
lated for 3-7 days prior to hippocampal brain slice co- 
culture experiments. For characterization of T cell 
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phenotypes intracellular staining was performed on 
short term stimulated (4 h antiCD3/antiCD28) T cells 
on day 4-7 in order to analyse cytokine and Foxp3 
expression by flow cytometry. 

For T cells of naive phenotype spleen and lymph node 
cells of OT2, OT2 EGFP or OT2 tdRFP mice were 
MACS®-sorted for CD4 and CD62L and used for i.v. 
injection for lymph node and intravital imaging of the 
brain stem or for application onto hippocampal brain 
slices. 

2.3. Experimental Autoimmune Encephalomyelitis 

For adoptive transfer EAE, spleen cells from C57BL/6 
2d2.tdRFP or C57BL/6 2d2.EGFP mice were isolated 
and stimulated as previously described [19]. Three days 
after the second restimulation, 5 x 10^ 2d2.tdRF TH17 
or 2d2.EGFP TH17 ceUs were transferred intravenously 
into C57BL/6 RAGl'^'. Cytokine expression was checked 
on restimulation and before transfer. Mice were checked 
for clinical symptoms daily and signs of conventional 
EAE were translated into clinical score as follows: 0, no 
detectable signs of EAE; 0.5, tail weakness; 1, complete 
tail paralysis; 2, partial hind limb paralysis; 2.5, unilateral 
complete hind limb paralysis; 3, complete bflateral hind 
limb paralysis; 3.5, complete hind limb paralysis and 
partial forelimb paralysis; 4, total paralysis of forelimbs 
and hind limbs (mice with a score above 3.5 to be 
killed); 5, death. The severity of atypical EAE was trans- 
lated as: grade 1, tail paralysis, hunched appearance; 
grade 2, ataxia, scruffy coat; grade 3, head tilt, hypersen- 
sitivity, spasticity or knuckling; grade 4, severe proprio- 
ception defects; grade 5, moribund. 

For intravital imaging of naive T cells MACS®-sorted 
naive OT2 EGFP or OT2 tdRFP cells were co-trans- 
ferred intravenously 12-24 hours before TPLSM or were 
locally applied on the imaging field at the peak of dis- 
ease (score 2.5-3.5). 

2.4. Two-photon laser scanning microscopy 

T cells and vessels were visualised by a two-photon laser 
scanning system (LaVision BioTec, Bielefeld) as 
described before [20] with dual NIR (850 nm) and IR 
(1,110 nm) excitation. XYZ-stacks were typically col- 
lected within a scan field of 300 x 300 (im at 512 x 512 
pixel resolution and a z-plane distance of 2 (im at a fre- 
quency of 400 or 800 Hz. Applied laser powers ranged 
from 2-6 mW at the specimen's surface. 

2.5. Brain slice T cell co-culture 

Preparation of brain slices was performed as previously 
described [3] and allowed to recover for at least 45 min 
at room temperature prior to transfer to a heated and 
with aerated artificial cerebrospinal fluid (ACSF) per- 
fused Luigs & Neumann slice chamber (37°C). T cells, if 



not expressing EGFP or tdRFP, were stained with ceU- 
tracker Orange CMTMR (Invitrogen, Germany), 
pipetted upon the slice and allowed to invade the slice 
for about 30 - 60 min before image acquisition. 

2.6. Anaesthesia and preparation of imaging field for 
intravital imaging 

Mice were anaesthetized using 1.5% isoflurane (Abott) 
in oxygen/nitrous oxide (1:2) with a facemask. They 
were then tracheotomized and continuously respirated 
with a Harvard Apparatus Advanced Safety Respirator 
(Hugo Sachs, Germany). For the brainstem imaging, the 
anaesthetized animal was transferred to a custom-built 
microscopy table and fixed in a hanging position. The 
preparation of the imaging field was performed as pre- 
viously described [3]. 

2.7. Lymph node preparation for TPLSM 

Lymph node preparation was performed as previously 
described [20]. In brief, 8-96 hours after intravenous 
injection of naive OT2 EGFP or OT2 tdRFP T cells, 
popliteal lymph nodes were removed, glued onto a cov- 
erslip and placed into a heated chamber at 36°C, super- 
fused RPMI medium without phenol red bubbled with 
95%02/5%C02. Naive T cell migration was visualised 
up to 130 (im beneath the surface using the same 
TPLSM setup as described above. 

2.8. Data analysis 

Cell recognition, movement tracking and 3D presenta- 
tion were performed with Volocity (Improvision, Ger- 
many) and tracks with durations > 5 min. were included 
in the analysis. Average cell velocity was calculated with 
Volocity. The co-localisation area was calculated with 
Volocity as previously described [19]. To discriminate 
short/transient (random) contacts from long-lasting 
(most probably non-random) interactions, we defined 
contacts which last longer than 5 min as long-lasting'. 
These interactions were further differentiated into slow/ 
static (velocity < 0.04 (im/s) and dynamic (velocity > 
0.04 (im/s) contacts. In order to exclude the SHG signal 
which is detected with the same detector as EGFP in 
our setup, we increased the signal threshold so that only 
EGFP expressing cells (without any SHG signal) were 
automatically identified and tracked by the software. For 
angle comparison between cell trajectories and vessel 
structures and for vessel distance measurements at the 
end of the track, cell-tracking data from Volocity was 
further processed in MATLAB as described previously 
[3]. For each track, a vector between origin and end- 
point was calculated in a two-dimensional angle and the 
distance between the cell-tracking vector and the vector 
representing the vessel was calculated using standard 
linear algebra. Statistical analysis was carried out with 
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SPSS (SPSS, Germany) and graphical presentation with 
GraphPad Prism 4 (Graphpad Software, USA). Results 
are shown as individual data points; in addition, mean ± 
SD summarize collective data from performed experi- 
ments. To test for statistical significance of differences 
between two T cell subpopulations, the non-parametric 
Mann-Whitney-test was performed for more than two 
groups Kruskal Wallis test with Dunn's multiple com- 
parison test as post test was performed. 

3. Results 

3.1. Intravital imaging of the inflamed CNS of living mice 
reveals distinct migration pattern of naYve T lymphocytes 

To observe naive T cell migration under inflammatory 
circumstances in the CNS, we first performed flow 



cytometry analysis on brain-derived immune cells after 
transfer of naive T cells, which are characterized by high 
CD62L and low CD69, CD25 and CD44 expression (Fig- 
ure lA), into EAE affected Rag 1-/- mice. For disease 
induction we transferred in vitro generated encephalito- 
genic 2d2 CD4+ TH17 cells (with transgenic T cell 
receptor specific for Myelin Oligodendrocyte Glycopro- 
tein (MOG)). Some of the injected naive T cells could 
be detected in the CNS but the cell number was too 
low to analyse activation markers and CD62L expression 
(data not shown). Therefore we used intravital TPLSM 
in the brainstem to record their behaviour. Using this 
approach it was possible to find naive T cells up to 150 
(im deep in the CNS parenchyma in EAE and to track 
their migration (Figure IB), We used T cells with a 
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Figure 1 Intravital imaging reveals high motility of naYve CD4+ T cells in the inflamed CNS. Naive 0T2 EGFP T cells were intravenously 
injected into EAE affected mice at the peak of disease (clinical score 2.5) or locally applied onto the imaging field. Intravital TPLSM on the brain 
stem of these mice was performed 12-24 hours after naive T cell injection or 30 minutes after local application. Adoptive EAE was induced by 
transfer of In vitro generated encephalitogenic 2d2 Thl7 T cells into C57BL/6 RAG!-/- mice. (A) T cell phenotype of MACS isolated naive T cells 
was confirmed by FACS analysis prior to experiments. Surface antigen expression of CD62L, CD25, CD69 and CD44 was determined on CD4+ 
lymphocytes. (B) A representative time lapse series derived from intravital TPLSM demonstrates rapid movement of naive T cells deep in CNS 
tissue (100-150 pm). Two cell tracks are shown exemplarily by white arrows. For further details see also Additional File 1 (Scale bar: 10 ijm.). (C) 
Cell track velocities of naive 0T2 (N = 212) and effector 2d2 Thl7 (N = 87) cells at the peak of disease in the inflamed CNS were quantified. The 
mean track velocities from 4 independent experiments are shown (± SD). (D) Contacts (arrowheads) between encephalitogenic 2d2 Thl7 
effector T cells (EGFP,green) and naive 0T2 (tdRFP red) could be observed during intravital TPLSM, as revealed by the reconstructed 3D time 
lapse series (80-110 pm). These interactions were mainly short and random like (open arrowhead) although some static long-lasting contacts 
(filled arrowhead) could be also detected. (E) To quantify effector-naive T cell interactions we analyse the co-localisation area of EGFP and tdRFP 
as previously described [19]. We discriminated short (random) contacts (< 5 min) from long-lasting (most probably non-random) interactions (> 
5 min) and observed that 81% ± 14 formed short interactions with effector T cells (white bar) and 19% ± 14 (gray bar) formed long-lasting 
interactions. Data are shwon as percentage of all contacts from two independent experiments (± SD). 
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transgenic T cell receptor specific for Ovalbumin (OVA) 
to limit antigen specific activation on their way to and 
within the CNS. To further minimize activation, our 
timepoint of investigation was shortly after transfer (12 
h for IV and 30 min for local application). Whereas we 
previously observed no lymphocytes in healthy mice 
deep in the CNS parenchyma we could detect some 
sporadic cells in the perivascular space [3]. However, 
during EAE naive T cells were able to invade the par- 
enchyma after local application on the brainstem or to 
cross the corrupted blood brain barrier after IV transfer 
and to move rapidly (Figure IB, Additional File 1) 
resulting in a mean track velocity of 0.13 ± 0.05 (im/sec 
(± SD; N = 212) which was similar to that of encephali- 
togenic 2d2 CD4+ TH17 effector cells with 0.12 ± 0.06 
(im/sec (±SD; N = 87) (Figure IC). The dynamic inter- 
action between both cell types was examined by co-loca- 
lisation analysis as previously described [19]. We 
discriminated between short (random) contacts and 
long-lasting (most probably non-random). On their way 
through the parenchyma 19% of all contacts were of 
long-lasting nature whereas the majority (81 ± 14%) of 
the naive-effector T cell interactions was short and ran- 
dom (Figure ID/E). 

3.2. NaYve CD4+ T cells do not get sufficient migratory 
signals in non-inflamed CNS tissue 

As it was not possible to investigate the behaviour of 
naive CD4+ T cells in healthy living anaesthetized mice 
due to the low frequency of lymphocytes after IV trans- 
fer [21], we circumvented the blood brain barrier and 
applied naive CD4 T cells on the brain stem of healthy 
living anaesthetized mice. The cells remained stucked 
on the surface or were flushed away with the perfusion 
(Additional File 2). We further co-incubated naive T 
cells with brain tissue cultured in artificial cerebrospinal 
fluid (ACSF). These CNS slices have been shown to 
retain a middle layer which consists of intact in v/vo-like 
CNS in murine brain cultures [22]. Naive CD4+ T cells 
were labeled with the Celltracker Orange 5-(and-6)-(4- 
chloromethyl(benzoyl)amino) tetramethylrhodamine 
(CMTMR) if they were not transgenic for tdRFP or 
EGFP, and consecutively co-incubated with a living 
brain slice in which the vasculature had been high- 
lighted by previous IV injection of FITC- or rhodamine- 
dextran. Independent of the need to transmigrate 
through the blood brain barrier, these cells showed a 
nearly stationary behaviour. The cell tracks were short 
and the cells seemed more or less trapped in their posi- 
tion on the slice surface after application on the non- 
inflamed CNS tissue (Figure 2A). This was quantified by 
a significantly lower mean track velocity with 0.056 ± 
0.03 (im/sec (± SD; N = 86) as compared to activated 
CD4+ T cells C'^'p < 0.01). Furthermore the significantly 



reduced displacement rate of 0.019 ± 0.015 (im/sec (± 
SD) shows that they move on their place and do not 
invade the parenchyma (''''''p < 0.01) (Figure 2B). 

3.3. Activated T helper cells infiltrate non-inflamed brain 
tissue independent of antigen specificity and phenotype 
and show a perivascular compartmentalisation 

The stationary behaviour of naive CD4+ T cells, as 
described above, is clearly a contrast to the migration 
pattern of activated CD4+ THl and CD4+ TH2 effector 
cells. We previously showed that CD4+ antigen specific, 
highly-activated and differentiated effector T cell lines 
show a vessel-associated movement pattern [3]. We 
wanted to check whether antigen specificity or regula- 
tory phenotype would influence T cell migration. There- 
fore we performed T cell brain slice co-culture 
experiments as described above exemplarily for activated 
antigen specific (OT2 or 2d2) IL-lO-producing regula- 
tory and antigen specific (OT2) effector CD4+ TH2 
cells as well as for polyclonally- activated Foxp3 T regu- 
latory and CD4+ THl effector cells (Figure 3A). After 
an initial invasion period, the potential of tissue penetra- 
tion was evident for all analysed activated T cell subsets 
as visualised by time lapse TPLSM. Furthermore, the 
migration pattern was similar in all investigated CD4+ T 
cell subtypes. The mean angle between vessel and cell 
trajectory vectors was similar in all investigated sub- 
groups (Figure 3B, Figure 3C). The vessel-associated 
movement of CD4+ T cells in contrast to CD8+ T cells 
[3] seems also to be important for regulatory T cell sub- 
types independent of antigen specificity and underlines 
the importance of the perivascular space for immunore- 
gulation and autoimmunity. Activated CD4+ T cells of 
regulatory phenotypes moved through non-inflamed 
CNS tissue with 0.07 ± 0.04 (im/s (± SD) for antigen- 
specific IL-10 producing regulatory T cells (N = 290) 
and 0.08 ± 0.04 [im/s (± SD) for C57B1/6 Foxp3 CD4+ 
T cells (N = 215). Activated effector T cell subsets also 
revealed comparable mean track velocities, irrespective 
of antigen specificity and phenotype with 0.07 ± 0.0 \im/ 
s (± SD) for OT2 Th2 (N = 290) and 0.07 ± 0.04 [im/s 
(± SD) for C57BL/6 Thl (N = 248) cells (Figure 2B). 

3.4. NaYve CD4+ T cells reveal high motility in healthy 
lymphoid organs 

As control for the principle migratory capacity of naive 
CD4+ T cells we injected MACS® sorted naive OT2 
cells intravenously into healthy mice and tracked their 
migration pattern in the lymph node (Figure 4). To 
check whether the cells were activated and primed after 
transfer we performed FACS analysis on injected cells 
and observed that these cells retain their CD62L'^^^'^ and 
CD69^°^ phenotype up to 4 days after transfer (Figure 
4A). We performed our experiments within this time 
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Figure 2 NaYve CD4+ T cells hardly infiltrate non-inflamed CNS tissue. MACS isolated CMTMR stained naive T cells were co-incubated with 
living hippocampal brain slices in order to visualise their migratory capacity. (A) 3D time lapse TPLSM revealed a nearly stationary behaviour of 
naive T lymphocytes. Cell tracking analysis of individual T cells confirmed these qualitative observations since the corresponding trajectory 
vectors display almost no displacement of naive T lymphocytes. (Scale bar: 110 pm). (B) Track velocities and displacement rates for naive T cells 
are compared with different activated T cell subsets (OT-2 Th2, OT-2/2d2 IL-10 reg T, C57BL6 Thl, C57BL6 Foxp3 Treg) using cell tracking analysis 
for individual cells of 2-6 independent experiments (± SD). **p < 0.01, ***p < 0.001, Kruskal Wallis Test. 



frame. Time lapse TPLSM revealed high motility for 
naive T cells (Figure 4B). Cell tracking analysis of indivi- 
dual T cells confirmed our qualitative observations, as 
the mean track velocity with 0.17 ± 0.06 (im/sec (± SD; 
N = 126) was similar to what was previously described 
by others [2] (Figure 4C). 

3.5. NaYve T cells partially migrate along inflammatory 
induced reticular fibers in vivo 

In lymphoid tissue it is known that naive T cell motility 
is directed by fibroblastic reticular cells and ECM struc- 
tures which can be visualised by second harmonic gen- 
eration (SHG) [23]. Interestingly, we observed similar 
SHG signals which were generated by an optical para- 
metric oscillator (OPO) at 1110 nm wavelength in the 
inflamed CNS of EAE affected mice. Moreover, naive T 
cells partially moved along these structures (Figure 5A, 
Additional File 3). In order to objectify our observation 
we performed quantitative analysis for naive T cell - 
SHG co-localization (Figure 5B/C). This analysis 
revealed that most of the contacts are short (81 ± 14%) 
but there is also a population of naive T cells that show 
long-lasting contacts with the reticular fiber network (19 



± 14%). These interactions were further differentiated 
into slow/static (velocity < 0.04 (im/s) and dynamic 
(velocity > 0.04 (im/s) contacts. Interestingly, these long- 
lasting contacts were due to migration associated co- 
localisation, since their velocity was > 0.04 (im/s sup- 
porting our qualitative observation that a distinct popu- 
lation of naive T cells partially migrate along these 
inflammation induced fibers (Figure 5B/C). 
The reticular fiber network was observed deep in the 
parenchyma (up 100 (im) and thus could be distin- 
guished from the arachnoidea covering the surface of 
the brain stem parenchyma. Moreover, by visualisation 
of the vasculature by IV Rhodamine-dextrane injection 
prior to imaging we observed that in addition to the 
vessel associated collagen network surrounding the very 
close proximity of the vasculature further fiber tracts are 
generated deep in the parenchyma itself (Figure 5D). 

We could not detect these structures under healthy 
conditions in the CNS parenchyma (Additional File 2). 
However, intravital TPLSM on the brain stem of EAE 
affected C57BL/6 Thy 1.1 CerTN LIS mice which express 
a FRET based calcium sensor, i.e. the Citrulin/Cerulean 
FRET pair (based on YFP/CFP) in neurons and neuronal 
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Figure 3 Activated regulatory and effector CD4+ T cells move rapidly in healthy CNS tissue independent of antigen specificity. T cell 
brain slice co-culture experiments were performed for activated antigen-specific IL-10 producing regulatory and effector CD4+ TH2 cells as well 
as for polyclonally activated FoxpS regulatory and effector CD4+ THl cells. (A) T cell subsets were characterized by intracellular staining of 
typically expressed molecules for each cell type. For detection of interleukins, T cells were stimulated by aCD3/aCD28 (1 |jg/ml) prior to staining. 
(B) Movement patterns of polyclonally and antigen-specific activated regulatory and effector T cells were analysed by time lapse TPLSM at 80- 
130 |jm depth after an initial invasion period of 30-45 min. For each series, migratory routes of two exemplary cells (white) are represented by 
white arrows. (C) Vector vessel angels of individual cell tracks of different activated T cell subsets (OT-2 Th2, OT-2/2d2 IL-10 producing regulatory 
T cells, C57BL6 Thl, C57BL6 Foxp3 Treg) were calculated using cell tracking analysis for individual cells of 2-6 independent experiments per 
group (± SD). ns: not significant, Kruskal Wallis Test. 



processes (axons and dendrites) [17], we could distin- 
guish the generated SHG signal due to wavelength spe- 
cificity of SHG (1110 nm) and separated excitation of 
Citrulin (850 nm). Using this approach we did not 
observe any co-localisation with the neuronal structures. 
In contrast, they appeared to cross the neuronal pro- 
cesses orthogonally, as visualised by merging fluores- 
cence images acquired at both excitation wavelengths 
(Figure 5E). 

4. Discussion 

Unexpectedly, we observed a highly motile migration 
pattern for naive T cells similar to effector T cells in the 
inflamed CNS of living EAE affected mice. However, we 
could further show that even though naive T cells have 
migratory capacity in lymphoid organs and diseased 



CNS, they cannot find sufficient migratory signals in 
healthy non-inflamed CNS parenchyma since they only 
showed stationary behaviour in this environment. Using 
different experimental approaches, i.e. locally applied or 
IV transferred naive T cells, we could detect highly 
motile cells in the inflamed CNS parenchyma but no 
migration in healthy tissue supporting the hypothesis 
that the extend of inflammation is the crucial factor 
determining the possibility for naive T cells migration in 
the CNS parenchyma. Interestingly, in the inflamed 
CNS we could detect reticular structures by their SHG 
signal which was not detected in the non-inflamed CNS. 
These structures resemble those present in lymphoid 
tissues, suggesting that these inflammation-induced 
structures might provide the chemotactic signals needed 
for the naive T cells to migrate within the diseased CNS. 
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Figure 4 High motility of naive CD4+ T cells in healthy lymphoid tissue. MACS sorted 0T2 tdRFP expressing CD4+ naive T cells were 
intravenously injected into healthy C57BL/6 RAG 1 -/- mice in order to perform time lapse TPLSM on popliteal lymph nodes at 8 - 96 hours after 
transfer. (A) Injected 0T2 tdRFP cells were isolated from lymph nodes of C57BL/6 0T2 tdRFP mice and subjected to FACS analysis to measure 
surface expression of CD62L, CD25, and CD44 at 96 hours after transfer. Dot Plots reveal analysis on CD4+ tdRFP positive lymphocytes. (B) High 
motility of naive T lymphocytes in lymph nodes is revealed by trajectory vector blots derived from cell tracking analysis of time lapse TPLSM at 
24 hours after transfer (left). Each vector represents displacement of individual cells for an imaging period of 30 min (one image every minute) 
relative to their starting position. A corresponding time lapse series of naive cell migration is shown on the right. The dashed arrow represents 
migration of one single cell exemplarily. (C) Quantification of naive CD4+ T cell movement in isolated lymph nodes. The mean track velocity is 
0.16 ± 0.06 Mm/sec (± SD, N = 73). 



Little is known concerning the behaviour of naive T 
cells in non-lymphoid organs under both homeostatic 
and inflammatory conditions in general. Regarding the 
CNS even less is known and most of the data are 
derived from flow cytometry studies of cells isolated 
from CNS tissue [8,9,13,24,25] or cerebrospinal fluid 
[26] and give contradictory results. Using an in vivo 
staining method, a recent study did not detect naive 
CD4+ T cells in the brain at 4 days after transfer of 
naive T cells [24]. In contrast experiments using an 
inverse transfer model (encephalitogenic cells into OVA 
specific T cell receptor transgenic mice) show that naive 
endogenous T cells occur in parallel with activated 
encephalitogenic T cells but keep a resting phenotype 
unless they recognize their antigen in the CNS [13]. 
Similarly, McMahon et al. could only detect naive PLP 
specific T cells in PLP immunized mice in contrast to 
OVA immunized controls. This supposes that naive T 
cells can only enter the CNS if they get locally activated 
[25]. 

But in our study we could find naive OVA specific 
CD4+ T cells in the inflamed CNS and using intravital 
TPLSM we could further show for the first time that 
naive CD4+ T cells can indeed migrate rapidly through 



the CNS parenchyma, comparable to the way they move 
in lymphoid tissue. Due to the low frequency of naive 
CD4 T cells compared to effector Thl7 cells in the 
inflamed parenchyma it could be possible that they are 
not detected by flow cytometry after isolation. Therefore 
TPLSM could be used as complementary technique to 
analyse rare cell migration and further allows the inves- 
tigation of dynamics. 

The mean track velocity of naive T cells was similar to 
the velocity of Thl7 effector T cells. However, it 
remains unclear what role naive T-cells play in the 
CNS. In MS naive T cells are found in the cerebrospinal 
fluid during relapses [26] and the experiments from 
Brabb et al. support a possible function for the develop- 
ment of tolerance [9]: Using MBP (myelin basic pro- 
tein)-recognizing T-cell receptor transgenic mice, they 
showed that naive MBP-specific T cells isolated from 
the brain did not show any reactivity for MBP in vitro. 
On the other hand, MBP-specific naive T cells from the 
periphery did react to MBP. Although we did not inves- 
tigate the direct impact of naive CD4+ T cells on func- 
tion and behaviour of encephalitogenic T cells within 
the inflamed brain, our observation of direct contacts 
between naive T cells and encephalitogenic T cells 
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Figure 5 The role of inflammatory induced reticular fibers in naVve T cell migration in healthy and inflamed CNS tissue. (A) Intravital 
TPLSM reveals inflammation induced reticular fibers which are visualised by second harmonic generation (SHG) at 1110 nm wavelength in the 
brain stem of EAE affected mice. Naive T cells partially migrate along SHG structures as demonstrated by cell tracks represented by white arrows 
exemplarily. For further details see also Additional File 3. (B) To quantify SHG signal and naive T cell interactions we analyse the co-localisation 
area of SHG signal (blue) and tdRFP (red). The calculated colocalisation channel (white) was analyzed by determining the duration and the 
velocity of the tracked contacts (scale bar 10 |jm). (C) Interaction patterns were differentiated into short (less than 5 min duration) and long- 
lasting contacts (equal or longer than 5 min duration,), Most of the contacts were short (79% ± 6; N = 164; white bar) but also long-lasting 
interactions could be detected (20 ± 6%; N = 38; gray bar) and that these long-lasting contacts are due to migration associated co-localisation 
as their velocity is > 0.04 pm/s. Data from two independent experiments are shown as percentage of all contacts (± SD). (D) Visualization of the 
vasculature by IV injection of Rhodamine-dextrane prior to imaging enabled the visualisation of both, the reticular structures (green) and vessels 
(red), simultaneously revealing that besides the vessel associated SHG signal a large amount of fibers originates directly from the CNS 
parenchyma outside the perivascular space. 1 unit = 15 |jm (E) Intravital TPLSM on brain stem of EAE affected C57BL/6 Thyl.l CerTN LI 5 mice 
which express a FRET based calcium sensor. The Citrulin/Cerulean FRET pair is expressed in neurons and is detected by excitation at 850 nm 
(left, red) whereas SHG signal was generated by a separated excitation at 1 1 10 nm (middle, green), which does not allow to detect either 
Citrulin or Cerulean. Images are presented in false colors in order to increase the contrast between both separately detected structures. Merge of 
both images derived from different excitation modes in the same layer demonstrates that the SHG signal (green) is not co-localised to neuronal 
structures (red). These images are derived form the same layer at a depth of 60 |jm below the surface. Scale bar 30 pm. 

V J 



suggests a possible direct impact. It remains to be clari- 
fied whether naive CD4+ T cells might be of regulatory 
phenotype and nature in the CNS, and could therefore 
provide an opportunity for a novel therapeutic approach 
in MS or other autoimmune diseases. 

However, in order to develop new treatment strate- 
gies, it is essential to understand how CNS tissue itself 
regulates naive T cell trafficking. In lymphoid tissue it is 
known that T cell motility is directed by fibroblastic 
reticular cells and ECM structures [23]. Similar reticular 



structures exist in peripheral tissues such as the liver or 
skin, but are absent from the non-inflamed brain 
[27-29]. The source of the ECM structures in the CNS 
during inflammatory conditions we could detect in this 
study, however, is unclear. The ECM seems to undergo 
significant structural changes in the CNS since we could 
only detect SHG structures under inflammatory condi- 
tions. Similarly, Wilson et al. showed a reticular fiber 
network the produces a SHG signal during Toxoplasma 
gondii infection [29]. SHG generated by excitation at 
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wavelengths of 1000-1500 nm in TPLSM has its origin 
from highly-ordered, non-centrosymmetric structures 
such as collagen [30]. As the SHG phenomenon gives 
no indication of the molecular nature of the structures, 
it remains unclear which fibers are generating this sig- 
nal. In the study of Wilson et al. the SHG signal was 
co-localised with GFAP expressing astrocytes, but with a 
spatial separation, suggesting that the SHG signal origi- 
nates from extracellular fiber networks [29]. Further- 
more, they found no increased collagen type IV or type 
I induction but reticular structures by histology which 
co-localised with CCL21 under inflammatory conditions, 
suggesting that CCL21 could be one possible candidate, 
because it is also known that impaired neurons bind 
CCL21 on their surface [31]. However, as we investi- 
gated the co-localisation of neuronal structures and the 
SHG signal in EAE in transgenic mice expressing EGFP 
or Citrulin under the neuron specific Thyl promoter, 
we could not detect any co-localisation. In contrast, we 
observed an orthogonal crossing of neuronal structures 
by the SHG signals, indicating that these structures are 
not generated by intermediate filaments inside axons or 
extra cellular matrix co-localised with axons in vivo. 

Nevertheless, CCL21 bound to these reticular fibers, 
could be a signal for attracting naive T cells: Woolf et 
al. compared soluble vs. matrix-bound CCL21 in an in 
vitro assay and showed that naive T cells migrated only 
if the chemokine was matrix-bound [32]. Our experi- 
ments are consistent with these results and demonstrate 
in vivo relevance of the described phenomenon. Further- 
more, our observations suggest that reticular fibers, ana- 
logous to those of the lymph node's ECM, may provide 
a scaffold that supports T cell migration in the inflamed 
brain. 

5. Conclusions 

The mechanisms of autoimmunity and tolerance in the 
brain are still not clear and the role of naive T cells as 
possible key players in these complex processes is highly 
debated [33]. Due to methodological limitations in the 
past, there remains an ongoing discussion as to what 
extent naive T cells enter the healthy non-inflamed ver- 
sus the inflamed CNS parenchyma and what role they 
might have. For activated T cells, proteolytic enzymes 
like metalloproteinases, disintegrins or granzymes are 
known to enable migration through the inflamed brain 
tissue [12,34,35]. These enzymes may be even more 
important if the reticular fiber network is not as abun- 
dant, as it is the case under inflammatory conditions 
where it facilitates immune cell trafficking. In contrast 
naive T cells express molecules that are important for 
migration to secondary lymphoid organs such as L- 
Selectin and CCR7 for CD4+ T cells [36]. So it was 



previously thought that they circulate between blood 
and secondary lymphoid organs exclusively [37,38]. 

With the opportunity of TPLSM and the availability of 
various fluorescent protein expressing transgenic mouse 
models, we are now able to directly visualise the pre- 
sence and dynamic processes of different T cell subsets 
deep in CNS tissue in living animals. We show here that 
the activation status rather than the T cell phenotype 
and antigen specificity is the central requirement for the 
migratory capacity of T cells in healthy CNS tissue inde- 
pendent of transmigration-associated molecular interac- 
tions at the blood brain barrier. Even though naive T 
cells show a high migratory capacity in lymphoid organs, 
it remains to be seen why they appear in inflamed CNS 
where they partially migrated along inflammation- 
induced extracellular SHG structures and which signals 
might be responsible for the observed high motility in 
diseased brain tissue of EAE affected mice. 

Although further studies are required to define the 
composition of these reticular networks, targeting these 
structures might be a novel therapeutic approach to 
manage T cell-mediated inflammatory central nervous 
system diseases. 

Additional material 



Additional file 1: NaYve T cells do not migrate into healthy CNS 
tissue in vivo. Time lapse movie of naive tdRFP expressing 0T2 T cells 
30 min after local application on the brain stem of a healthy mouse. 

Additional file 2: Movement of naive T cells in the brain stem 
during EAE. Timelapse movie of naive EGFP expressing OT-2 T cells in 
the brain stem at peak of disease. Cells were MACS sorted for CD4 and 
CD62L and transferred intravenously to EAE affected mice at peak of 
disease. Analysis was performed 12 h after transfer. 

Additional file 3: SHG structures are induced in the inflamed CNS 
and naive T cells partially migrate along these structures. Timelapse 
movie of naive EGFP expressing OT-2 T cells at peak of disease. Cells 
were MACS sorted for CD4 and CD62L and transferred intravenously to 
EAE affected mice at peak of disease. Analysis was performed 12 h after 
transfer. Second harmonic generated signal was also detected in the 
535/50 nm PMT and is displayed as a reticular structure. 



8. Acknowledgements 

We thank A. Waisman for providing the C57BL/6 2d2 TCR transgenic mice; P. 
Caroni for providing the C57BL/6 Thyl -21 EGFP transgenic mice; O.Griesbeck 
for providing the C57BL/6 Thyl.l CerTN LI 5 mice and H. Luche and H. J. 
Fehling for providing the C57BL/6 Rosa-tdRFP knock-in mice. We thank J. 
Millward for the fruitful discussions of the manuscript. This work was 
supported by grants from the German Research Foundation: the Graduate 
Research School GRK1258 to JH and TL; SFB-TRR 43 to FZ, DFG Nil 167/2-1 
to RN, through Berlin-Brandenburg School for Regenerative Therapies for HR 
and from the Charite Universitatsmedizin Berlin through Rahel Hirsch Grant 
to RN. We thank Natalie Asselborn and Robert Gunther for expert technical 
support and Sara Duke for reading the manuscript as a native speaker. 

Author details 

Vlinik fur Neurologie, Universitatsklinik Essen, Hufelandstr. 55, 45122 Essen, 
Germany. ^Universiatsmedizin Mainz, Klinik fur Neurologie, Langenbeckstr 1, 
55131 Mainz, Germany. ^Deutsches Rheuma-Forschungszentrum (DRFZ), 



Herz et al. Journal of Neuroinflommotion 201 1, 8:131 
http://www.jneuroinflammation.eom/content/8/1/131 



Page 11 of 12 



Berlin, Chariteplatz 1, 10117 Berlin, Germany, ^gfnmediber GmbH, Sophie 
Charlottenstr 92-94, 14059 Berlin, Germany. ^Experimental and Clinical 
Research Center, a joint cooperation between the Charite Medical Faculty 
and the Max-Del bruck Center for Molecular Medicine, Berlin, Germany, 
Robert-Rossle Str 10 13092 Berlin, Germany, \abor fur Molekulare 
Psychiatrie, Charite and Berlin-Brandenburg School for Regenerative 
Therapies (BSRT), Charite Universitatsmedizin Berlin, Chariteplatz 1, 10117 
Berlin, Germany. ^Max-Delbrueck Center for Molecular Medicine Berlin-Buch, 
Robert-Rossle Str 10 13092 Berlin, Germany. 

Authors' contributions 

JH was responsible for executing the research project and, together with HR, 
writing the manuscript. AUB performed the statistical analysis and assisted in 
editing the manuscript, RN, VS, TL, MP, JB, AM and RG assisted technically 
with research and data analysis. FZ contributed to the design of the 
experiments and assisted in editing the manuscript. HR directed all aspects 
of this research project including the experimental design, completion of 
statistical analysis, and writing of the manuscript. All authors read, critically 
revised and approved the final manuscript. 

Competing interests 

The authors declare that they have no competing interests. 

Received: 18 May 201 1 Accepted: 6 October 201 1 
Published: 6 October 201 1 

References 

1. Cahalan MD, Parker I: Choreography of Cell Motility and Interaction 
Dynamics Imaged by Two-Photon Microscopy in Lymphoid Organs. 

Annu Rev Immunol 2008, 26:585-626. 

2. Miller MJ, Wei SH, Parker I, Cahalan MD: Two-photon imaging of 
lymphocyte motility and antigen response in intact lymph node. Science 
2002, 296:1869-1873. 

3. Siffrin V, Brandt AU, Radbruch H, Herz J, Boldakowa N, Leuenberger J, 
Werr J, Hahner A, Schulze-Topphoff U, Nitsch R, Zipp F: Differential 
immune cell dynamics in the CNS cause CD4+ T cell 
compartmentalization. Brain 2009, 132:1247-1258. 

4. Nimmerjahn A, Kirchhoff F, Helmchen F: Resting Microglial Cells Are 
Highly Dynamic Surveillants of Brain Parenchyma in Vivo. Science 2005, 
308:1314-1318. 

5. Germain RN, Miller MJ, Dustin ML, Nussenzweig MC: Dynamic imaging of 
the immune system: progress, pitfalls and promise. Nat Rev Immunol 
2006, 6:497-507. 

6. Bartholomaus I, Kawakami N, Odoardi F, Schlager C, Miljkovic D, Ellwart JW, 
Klinkert WE, Flugel-Koch C, Issekutz TB, Wekerle H, Fluegel A: Effector T cell 
interactions with meningeal vascular structures in nascent autoimmune 
CNS lesions. Nature 2009, 462:94-98. 

7. Ransohoff RM, Kivisakk P, Kidd G: Three or more routes for leukocyte 
migration into the central nervous system. Nat Rev Immunol 2003, 
3:569-581. 

8. Cose S, Brammer C, Khanna KM, Masopust D, Lefrancois L: Evidence that a 
significant number of naive T cells enter non-lymphoid organs as part 
of a normal migratory pathway. Eur J Immunol 2006, 36:1423-1433. 

9. Brabb T, von Dassow P, Ordonez N, Schnabel B, Duke B, Goverman J: In 
situ tolerance within the central nervous system as a mechanism for 
preventing autoimmunity. J Exp Med 2000, 192:871-880. 

10. Martin R, McFarland HF, McFarlin DE: Immunological aspects of 
demyelinating diseases. Annu Rev Immunol 1992, 10:153-187. 

11. Owens T, Renno T, Taupin V, Krakowski M: Inflammatory cytokines in the 
brain: does the CNS shape immune responses? Immunol Today 1994, 
15:566-571. 

12. Cannella B, Cross AH, Raine CS: Adhesion-related molecules in the central 
nervous system. Upregulation correlates with inflammatory cell influx 
during relapsing experimental autoimmune encephalomyelitis. Lab Invest 

1991, 65:23-31. 

13. Krakowski ML, Owens T: Naive T lymphocytes traffic to inflamed central 
nervous system, but require antigen recognition for activation. Eur J 

Immunol 2000, 30:1002-1009. 

14. Krishnamoorthy G, Lassmann H, Wekerle H, Holz A: Spontaneous 
opticospinal encephalomyelitis in a double-transgenic mouse model of 
autoimmune T cell/B cell cooperation. J Clin Invest 2006, 116:2385-2392. 



15. Luche H, Weber 0, NageswaraPCaRao J, Blum C, Fehling H: Faithful 
activation of an extra-bright red fluorescent protein in r(^£knock-inr^0 
Cre-reporter mice ideally suited for lineage tracing studies. European 
Journal of Immunology 2007, 37:43-53. 

16. Feng G, Mellor RH, Bemstein M, Keller-Peck C, Nguyen QT Wallace M, 
Nerbonne JM, Lichtman JW, Sanes JR: Imaging Neuronal Subsets in 
Transgenic Mice Expressing Multiple Spectral Variants of GFP. Neuron 
2000, 28:41-51. 

17. Helm N, Garaschuk 0, Friedrich MW, Mank M, Milos Rl, Kovalchuk Y, 
Konnerth A, Griesbeck 0: Improved calcium imaging in transgenic mice 
expressing a troponin C-based biosensor. Nat Methods 2007, 4:127-129. 

18. Barrat FJ, Cua DJ, Boonstra A, Richards DF, Grain C, Savelkoul HF, Waal- 
Malefyt R, Coffman RL, Hawrylowicz CM, OGarra A: In vitro generation of 
interleukin 10-producing regulatory CD4(-i-) T cells is induced by 
immunosuppressive drugs and inhibited by T helper type 1 (Thi)- and 
Th2-inducing cytokines. J Exp Med 2002, 195:603-616. 

19. Siffrin V, Radbruch H, Glumm R, Niesner R, Paterka M, Herz J, Leuenberger T, 
Lehmann SM, Luenstedt S, Rinnenthal JL, Laube G, Luche H, Lehnardt S, 
Fehling H, Griesbeck 0, Zipp F: In vivo imaging of partially reversible thi 7 
cell-induced neuronal dysfunction in the course of encephalomyelitis. 
Immunity 2010, 33:424-436. 

20. Herz J, Siffrin V, Hauser AE, Brandt AU, Leuenberger T, Radbruch H, Zipp F, 
Niesner RA: Expanding two-photon intravital microscopy to the infrared 
by means of optical parametric oscillator. Biophys J 2010, 98:715-723. 

21. Kawakami N, Nagerl UV, Odoardi F, Bonhoeffer T, Wekerle H, Flugel A: Live 
imaging of effector cell trafficking and autoantigen recognition within 
the unfolding autoimmune encephalomyelitis lesion. J Exp Med 2005, 
201:1805-1814. 

22. Nitsch R, Bechmann I, Deisz RA, Haas D, Lehmann TN, Wendling U, Zipp F: 
Human brain-cell death induced by tumour-necrosis-factor-related 
apoptosis-inducing ligand (TRAIL). Lancet 2000, 356:827-828. 

23. BajGnoff M, Egen JG, Koo LY, Laugier J, Brau F, Glaichenhaus N, Germain RN: 
Stromal Cell Networks Regulate Lymphocyte Entry, Migration, and 
Territoriality in Lymph Nodes. Immunity 2006, 25:989-1001. 

24. Lees JR, Sim J, Russell JH: Encephalitogenic T-cells increase numbers of 
CNS T-cells regardless of antigen specificity by both increasing T-cell 
entry and preventing egress. Journal of Neuroimmunology 2010, 220:10-16. 

25. McMahon EJ, Bailey SL, Castenada CV, Waldner H, Miller SD: Epitope 
spreading initiates in the CNS in two mouse models of multiple 
sclerosis. Nat Med 2005, 1 1:335-339. 

26. Oksaranta 0, Tarvonen S, llonen J, Poikonen K, Reunanen M, Panelius M, 
Salonen R: Influx of nonactivated T lymphocytes into the cerebrospinal 
fluid during relapse of multiple sclerosis. Ann Neurol 1995, 38:465-468. 

27. Friedl P, Weigelin B: Interstitial leukocyte migration and immune 
function. Nat Immunol 2008, 9:960-969. 

28. Yang BG, Tanaka T, Jang MH, Bai Z, Hayasaka H, Miyasaka M: Binding of 
lymphoid chemokines to collagen IV that accumulates in the basal 
lamina of high endothelial venules: its implications in lymphocyte 
trafficking. J Immunol 2007, 179:4376-4382. 

29. Wilson EH, Harris TH, Mrass P, John B, Tait ED, Wu GF, Pepper M, Wherry EJ, 
Dzierzinski F, Roos D, Haydon PG, Laufer TM, Weninger W, Hunter CA: 
Behavior of parasite-specific effector CD8-I- T cells in the brain and 
visualization of a kinesis-associated system of reticular fibers. Immunity 
2009, 30:300-311. 

30. Campagnola PJ, Loew LM: Second-harmonic imaging microscopy for 
visualizing biomolecular arrays in cells, tissues and organisms. Nat 
Biotechnol 2003, 21:1356-1360. 

31. Biber K, Sauter A, Brouwer N, Copray SC, Boddeke HW: Ischemia-induced 
neuronal expression of the microglia attracting chemokine secondary 
lymphoid-tissue chemokine (SLC). Glia 2001, 34:121-133. 

32. Woolf E, Grigorova I, Sagiv A, Grabovsky V, Feigelson SW, Shulman Z, 
Hartmann T, Sixt M, Cyster JG, Alon R: Lymph node chemokines promote 
sustained T lymphocyte motility without triggering stable integrin 
adhesiveness in the absence of shear forces. Nat Immunol 2007, 
8:1076-1085. 

33. Lewis M, Tarlton JF, Cose S: Memory versus naive T-cell migration. 
Immunol Cell Biol 2008, 86:226-231. 

34. Opdenakker G, Nelissen I, Van DJ: Functional roles and therapeutic 
targeting of gelatinase B and chemokines in multiple sclerosis. Lancet 
Neurol 2003, 2:747-756. 



Herz et al. Journal of Neuroinflommotion 201 1, 8:131 
http://www.jneuroinflammation.eom/content/8/1/131 



Page 12 of 12 



35. Yong VW, Krekoski CA, Forsyth PA, Bell R, Edwards DR: Matrix 
metalloproteinases and diseases of the CNS. Trends Neurosci 1998, 
21:75-80. 

36. Bradley LM, Watson SR, Swain SL: Entry of naive CD4 T cells into 
peripheral lymph nodes requires L-selectin. J Exp Med 1994, 
180:2401-2406. 

37. Mora JR, von Andrian UH: T-cell homing specificity and plasticity: new 
concepts and future challenges. Trends Immunol 2006, 27:235-243. 

38. Butcher EC, Picker LJ: Lymphocyte homing and homeostasis. Science 1996, 
272:60-66. 



doi:1 0.1 1 86/1 742-2094-8-1 31 

Cite this article as: Herz et al.: In vivo imaging of lymphocytes in the 
CNS reveals different behaviour of naive T cells in health and 
autoimmunity. Journal of Neuroinflammation 201 1 8:131. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 

Submit your manuscript at ou%nn^ fpntral 

www.biomedcentral.com/submit momea L.enirai 



